Fibrin and collagen, biopolymers occurring naturally in the body, are biomaterials commonly-used as scaffolds for tissue engineering. How collagen and fibrin interact to confer macroscopic mechanical properties in collagen-fibrin composite systems remains poorly understood. In this study, we formulated collagen-fibrin co-gels at different collagen-tofibrin ratios to observe changes in the overall mechanical behavior and microstructure. A modeling framework of a two-network system was developed by modifying our micro-scale model, considering two forms of interaction between the networks: (a) two interpenetrating but noninteracting networks ("parallel"), and (b) a single network consisting of randomly alternating collagen and fibrin fibrils ("series"). Mechanical testing of our gels show that collagen-fibrin co-gels exhibit intermediate properties (UTS, strain at failure, tangent modulus) compared to those of pure collagen and fibrin. The comparison with model predictions show that the parallel and series model cases provide upper and lower bounds, respectively, for the experimental data, suggesting that a combination of such interactions exists between the collagen and fibrin in co-gels. A transition from the series model to the parallel model occurs with increasing collagen content, with the series model best describing predominantly fibrin co-gels, and the parallel model best describing predominantly collagen co-gels.
Introduction
Type I collagen and fibrin are important extracellular matrix proteins. Collagen I is the predominant load-bearing component in many tissues, such as skin and tendon, while fibrin provides mechanical strength and integrity in blood clots. In addition, these naturally occurring biopolymers are commonly used in tissue engineering applications [1] [2] [3] [4] because of their biocompatibility and their ability to interact with cells and elicit functional cellular responses. In vivo, collagen and fibrin can be found together in granulation tissue during the wound healing process. In vitro, the co-existence of reconstituted collagen and fibrin matrices/fibril networks is seen in our tissue-engineered heart valve and media tissue equivalents (TEs), as the embedded cells gradually degrade the initial fibrin matrix and replace it with cell-derived collagen [5, 6] . Separately, extensive work has been done on the mechanical properties of fibrin [7] [8] [9] [10] [11] [12] and collagen I [13] [14] [15] [16] [17] matrices, however, there have been few studies on collagen-fibrin composite systems investigating how the two fibril networks interact to give the co-gel its macroscopic mechanical properties. Notable work includes that of Stegemann and co-workers [18] [19] [20] , who observed that cell-seeded collagen-fibrin matrices exhibited a higher modulus but intermediate ultimate tensile stress compared to pure fibrin and pure collagen gels of the same overall protein concentration. However, the interpretation of these results is complicated by the inclusion of cells. Earlier efforts investigating possible interactions between collagen and fibrin networks include a study [21] that found evidence suggesting chemical cross-linking between collagen and fibrin via Factor XIII, a plasma enzyme that crosslinks fibrin. These findings, however, were refuted by others [22, 23] who were unable to replicate the results. Thus, despite these considerable efforts, there remains an incomplete understanding of how collagen and fibrin fibril networks interact to confer overall mechanical properties. As tissue engineers strive to design tissues with mechanical properties comparable to native counterparts by creating multicomponent fiber networks (e.g., Ref. [18] ), knowledge of such interactions is an important first step towards better understanding how multiple extracellular matrix (ECM) components influence the mechanical strength and stiffness of the overall tissue, allowing for more rational choices of scaffold components and culture conditions in the design. For example, in our fibrin-based TEs, an understanding of how the tissue stiffness changes with remodeling allows us to better predict the amount of compaction occurring in the tissues, which impacts overall fiber alignment, a factor that is crucial for conferring anisotropic mechanical properties akin to native tissues. In this study, we employ a combination of experimental and computational techniques to characterize and predict the mechanical behavior of 1 acellular collagen-fibrin co-gels. Experimentally, we formulated collagen-fibrin co-gels in Teflon ring molds at nine different concentrations and performed tensile tests to failure to obtain material properties of ultimate tensile stress (UTS), tangent modulus, strain energy density, and strain at failure. These experimental results were compared to computational predictions from two hypothetical models for the co-gel: (a) independent, noninteracting networks ("parallel"), and (b) a single network of alternating collagen and fibrin elements ("series").
Materials and Methods
2.1 Preparation of Collagen, Fibrin, and Collagen-Fibrin Co-Gels. Collagen gels were formed by reconstituting acidsolubilized rat-tail collagen Type I (Invitrogen, Carlsbad, CA, 5.0 mg/mL) with an alkaline solution consisting of 1M NaOH (Sigma, St. Louis, MO) supplemented with 10Â modified Eagle's medium (Sigma), 6% fetal bovine serum (HyClone, Logan, UT), 200 mM L-glutamine (Invitrogen), 0.1% penicillin-streptomycin (Invitrogen), and 250 lg/mL fungizone (Invitrogen). To make fibrin gels, stock solutions of fibrinogen and thrombin were first prepared. Bovine fibrinogen (Sigma) was dissolved in 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer saline (Mediatech, Manassas VA; 1 M stock diluted in 0.9% NaCl). A fibrinogen solution was made by mixing 1 part stock fibrinogen with 5 parts 20 mM HEPES buffer saline. A thrombin/Ca 2þ solution was made by supplementing 1Â Dulbecco's modified Eagle's medium (Mediatech) with 2.5% of 25 U/mL thrombin and 0.2% 2N Ca 2þ (Sigma). Fibrin gels were formed by adding 2 parts fibrinogen solution to 1 part thrombin/Ca 2þ solution. Collagen-fibrin co-gels were made at seven different collagen concentrations by adapting the procedure developed in [18] , at volumetric proportions of 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, and 87.5% of collagen formulation. Appropriate amounts of each solution corresponding to the target collagen concentration were mixed in the following order: the alkaline solution was first mixed with the thrombin/Ca 2þ solution, followed by the addition of fibrinogen solution, and last, the addition of the collagen I stock solution. All gel solutions were cast into Teflon annular ring molds (15.5 mm O.D., 11.5 mm I.D.) and incubated overnight at 37 C. The actual concentrations of collagen and fibrin in the co-gels were determined via biochemical analysis (see the following text), and respective compositions were computed from these results.
Quantification
of Collagen and Fibrin Concentrations. The collagen content in each of the collagenfibrin co-gels was measured using the hydroxyproline assay [24] . The fibrin content was measured by digesting the collagen-fibrin samples with human plasmin (Sigma) and quantifying the amount of fibrin degradation product using ELISA [25] .
Scanning Electron Microscopy (SEM).
Sample preparation for SEM was performed as follows: gels were fixed with 2.5% glutaradehyde (Sigma), followed by post-fixation staining with 1% osmium tetroxide. The samples were sequentially dehydrated in 30%, 50%, 70%, 80%, and 95% ethanol solutions, and freeze-fractured in liquid nitrogen before a final dehydration step in 100% ethanol. The dehydrated gels were further dried using a Tousimis 780A critical point dryer (Tousimis Corp., Rockville, MD) before being mounted on aluminum shims and sputtercoated with platinum for 10 min. High resolution imaging was performed with a Hitachi S-900 field emission gun scanning electron microscope (Hitachi High Technologies America Inc, Pleasanton, CA) at a beam voltage of 2 kV.
Mechanical Testing.
Tensile tests to failure were performed on each gel ring using an Instron 8848 MicroTester (Instron, Norwood, MA) with a 5 N load cell. The rings were mounted over T-bar grips looped through the annulus and were submerged in 1 Â phosphate buffered saline (Mediatech) throughout the duration of the test (Fig. 1(a) ). Each ring was initially stretched to a grip-to-grip length of 14.5 mm for 5 s before stretching to failure at a strain rate of 0.13 mm/s. The initial dimensions of the samples were captured using a digital camera during the 5-second prestrain. Force-displacement data were converted to 1st Piola-Kirchhoff Stress (1st PK) versus Green's strain (E) to generate stress-strain curves for each sample. From the stress-strain profiles, the following quantities were computed and compared across the compositions: ultimate tensile stress (UTS), Green strain at failure (E fail ), toe-to-linear transition (E transition ), tangent modulus, and strain energy density ( Fig. 1(b) ). The apparent Poisson's ratio at a stretch ratio of 1.5 was also computed for each co-gel using the following expression [26] :
where k 1 and k 2 are the stretch ratios in the 1 and 2 directions, respectively, as defined in Fig. 1(a) . Here, k 2 was calculated using gel widths in the 2-direction, obtained from digital images taken at test points when k 1 ¼ 1.0 (start of test) and k 1 ¼ 1.5. The nonlinear expression of Eq. (1) reduces to the standard definition of Poisson's ratio at infinitesimal strain, but remains equal to 0.5 for incompressible materials even at large strain.
Computational Model.
We previously developed a multiscale modeling framework that incorporated a single-component microstructural network to predict the overall mechanical properties of an engineered tissue [27] [28] [29] . Briefly, the model couples the macroscopic scale (representing the functional tissue level) with the microscopic scale (representing the fiber network) via volume-averaging. Each Gauss point of the finite element mesh is surrounded by a representative volume element (RVE), which defines the fiber network. Force balances within each RVE are solved instead of a stress-strain constitutive equation. On the microscopic scale, each RVE contains a network of randomly oriented fibrils. A fibril is defined as the straight line segment between two cross-links, and its mechanical behavior is described using an exponential force-strain constitutive relation [30, 31] 
where F is the force on the fiber, and A and B are material constants representing the fiber. The pre-exponential constant A is a measure of the stiffness of the fiber, while B represents the degree of nonlinearity of the fiber. Here, E f is the fiber Green strain computed from its fiber stretch ratio
It should be emphasized that E f is the Green strain of individual fibers in the RVE. As fibers rotate into the direction of stretch, a distribution of fiber Green strains will be obtained, with the largest possible value of E f corresponding to the macroscopic strain at the gel level, for fibers perfectly oriented in the stretch direction. The average Cauchy stress for each RVE, r ij , can be shown [28] to be given by
where V is the volume of the RVE, and x i and F j are the ith-component of the position and jth-component of the force exerted for each boundary cross-link, respectively. A boundary cross-link is defined whenever a fibril intersects an RVE boundary. To relate the RVE scale to the macroscopic scale, a scale factor x is computed based on the total fiber volume and the fiber volume fraction (see Ref. [28] for the derivation) Results from ELISA and hydroxyproline assays to quantify fibrin and collagen concentrations, respectively, in the gels. In general, no significant loss in either fibrin or collagen is observed in the co-gels. A significant loss in fibrin is observed in the pure fibrin gels; this loss is also macroscopically observed in the gel shrinkage and left-over liquid (containing unaggregated fibrinogen) when removed from the Teflon molds.
where the numerator is the total fiber volume given by the product of total fiber length (L) with the fiber cross-sectional area (A f ) and h 0 is the fiber volume fraction. The strategy for modeling collagen-fibrin co-gels was as follows. Material constants A and B for collagen and fibrin were first determined by fitting theoretical predictions from our singlenetwork model to the experimental data for pure collagen and fibrin gels. We then modified our algorithm to model a twonetwork system and considered two different forms of interactions between the two networks ( Fig. 2(a) ).
2.5.1 Parallel Model. For the parallel model, the co-gel was modeled as two distinct, interpenetrating, but not interacting, networks. Two independent networks, one representing each component, were generated for each RVE, the stress was independently calculated for each network, and the sum of the two component stresses was used as the stress of the co-gel. Differences in protein concentration (hence fiber volume fraction h 0 in Eq. (5)) were modeled by changing the scale factor x between each RVE and the macroscopic scale.
Series
Model. In the series model, the co-gel was modeled as a single network with some collagen and some fibrin fibrils. The two-component network was evaluated as a single interconnected network of randomly alternating collagen and fibrin fibrils, by randomly prescribing the respective material constants A and B for collagen and fibrin to each fibril according to the desired compositions. Differences in concentration were modeled by adjusting the fraction of fibrils with each set of properties.
Because the ring test approximates a simple uniaxial extension when, as in our study, the wall thickness of the ring is much smaller than its radius, a single finite element with 8 Gauss points was used to model this simple tensile test (Fig. 2(b) ), using RVEs containing approximately 700 fibrils each. Model-predicted stress-strain curves were generated by stretching each element to the respective failure strains experimentally observed. The apparent Poisson's ratio was computed in a fashion similar to the experiment, averaged between the 1-2 and 1-3 directions (as defined in Fig. 2(b) ). Because each network RVE was generated in a random manner, different networks of the same composition gave a slightly different mechanical behavior. For each composition, at least six networks were generated, and the averaged data were computed from the model results. Figure 3 shows a comparison between the actual fibrin and collagen concentrations in Fig. 4 SEM images taken at 30 000 3 of pure fibrin and collagen gels (top) and collagen-fibrin co-gels (bottom). Collagen fibers can be differentiated from fibrin fibers by their characteristic banding pattern (arrows) on and the bundling of (*) the fibers. At higher collagen compositions (68% C, 83% C), wispier, weblike fibrin structures are observed. Scale bars 5 1 lm; the scale bar in the 9% C image is representative for all co-gel images.
Results

Biochemical and SEM Results.
the gels compared to the expected concentrations calculated from our stock concentrations of fibrinogen and collagen. In general, with the exception of the pure fibrin gels (0% C), there was good agreement between the actual and expected fibrin and collagen concentrations, which indicates no significant loss of either protein in the co-gels during the casting process. The difference between the expected fibrin concentration (3 mg/mL) and the actual concentration (1.9 mg/mL) in the pure fibrin gels was also usually observed, where there was significant liquid loss and gel shrinkage when the pure fibrin gel samples were removed from the Teflon molds. This protein loss was due to unaggregated fibrinogen left in the liquid. From these experimental data, the compositions of the 7 co-gels were calculated to be 9%, 19%, 30%, 41%, 54%, 68%, and 83% collagen, respectively. An expected linear decrease in the total protein concentration with increasing collagen content was observed, since the co-gels were made by mixing volumetric proportions of 2.1 mg/mL collagen formulation with 3.0 mg/mL fibrin formulation.
The SEM images of the fibrin and collagen gels (Fig. 4) showed a similar network microstructure between the pure networks, with fibril diameters on the order of 100 nm. Characteristic banding patterns of collagen fibrils can be observed in the collagen images (marked with arrows), and the bundling of fibrils (marked with an asterisk) to form thicker collagen fibers. These two characteristics of the collagen network, absent in the fibrin network, allow identification of collagen fibrils in the co-gels. It should be emphasized that while bundled and/or banded fibrils are collagen, the unbanded, unbundled fibrils could belong to either network. From the co-gel images, composite fiber networks comprised of interpenetrating collagen and fibrin fibrils can be seen, with more banded and bundled fibrils observed with increasing collagen composition. At high collagen compositions (68% C and 83% C), a fine network of wispy fibers is observed to form around the thicker fibrils. Most of the thicker fibrils at these compositions appear to be banded, indicating that they are collagen; furthermore, fibrin is known to form such wispy structures depending on the gelation conditions [32] . Hence, the fine network seen at higher collagen compositions is likely to be fibrin. Collectively, these images confirm that a composite network of collagen and fibrin fibrils is formed in our co-gels; however, it should be noted that no inference on the nature of interactions between collagen and fibrin can be made from these images.
Mechanical Property Results.
Using the protein concentrations of the pure gels determined experimentally (1.9 mg/mL for fibrin; 2.1 mg/mL for collagen) and a fibril diameter of 100 nm for both fibrin and collagen, as observed from the SEM images, the single-network model was fitted to the experimental data to obtain material parameters A and B for idealized fibrin and collagen fibers (Fig. 5) . The relative linearity of the stress-strain curve for fibrin is reflected in the small fitted B value. This fit suggests that the mechanical behavior of fibrin fibrils is largely linear; a small toe region in the overall stress-strain curve is still observed, however, which arises from the reorganization and rotation of the fibrils as the gel is stretched. That collagen is a much stiffer fiber than fibrin (hence, a larger A value) is reflected in the similar stress scales for both fibers but much lower strain range for collagen.
Using these fitted parameters for fibrin and collagen, model predictions for the tensile behavior at the seven intermediate compositions were made using the parallel and series models of interactions as previously explained (Fig. 6 ) and compared to the sample averaged stress-strain curves from experiment. At all compositions, the model elements were stretched to the respective experimental strains at failure (Fig. 7(a) ) to simulate the experiments. Dotted lines for the parallel model in Fig. 6 represent hypothetical model stress-strain behavior beyond the failure strain of a pure collagen network. These regions are physically unrealistic, since the collagen network in such a parallel network system would fail and could not continue to carry the load. Across all of the compositions, the experimental curves were found to fall between or within the two models, with the parallel model providing the upper bound, and the series model providing the lower bound. At the lowest collagen co-gel concentration (9% C), the series model appears to capture the tensile behavior of the composite network well. A transition towards the parallel model occurs with increasing collagen content, such that a good agreement between the parallel model and experimental data was observed at high collagen concentrations of 68% C and 83% C.
A comparison of the material properties of the co-gels across compositions extracted from the experimental data is provided in Fig. 7 . In terms of failure behavior, a rapid decrease in strain at failure is observed as the collagen content increases (Fig. 7(a) ), while the UTS of the co-gels remain relatively constant across the compositions (Fig. 7(b) ). Accordingly, the strain energy density (Fig. 7(c) ) decreases while the tangent modulus ( Fig. 7(d) ) increases with increasing collagen composition. Similar to observations from the stress-strain curves, the experimental data for the strain energy density, the UTS, and tangent modulus were found to be bracketed by the parallel and series model predictions. 5 Model fits to the experimental data to obtain material parameters A and B for fibrin and collagen, respectively. Collagen shows a much higher stiffness (in the A value) and a larger degree of nonlinearity (the B value) than fibrin. Error bars on the experimental data represent 95% CI, n ! 7 for both collagen and fibrin. Error bands on the model fits represent 95% CI, generated from four different networks for each.
Transition strain (Fig. 7(e) ) can be considered as an estimate of the amount of strain needed for the fibrils to reorganize, rotate, and straighten into the direction of stretch. While both the parallel and series models over-predict this transition strain, they are able to capture the general trend of decreasing transition strain with increasing collagen composition (Fig. 7(e) ). Experimentally, the apparent Poisson's ratio (Fig. 7(f) ) exhibited an increasing trend from 0.6 to 1.5 as the collagen content increased from 0% to 100% (p value < 0.05 for the null hypothesis that the slope of the linear regression equals zero). While the same regression analysis performed on both parallel and series models predicted constant apparent Poisson's ratios (i.e., p > 0.05 in both cases, such that the null hypothesis could not be rejected at the 95% confidence level) across all compositions, the values were of a similar order of magnitude to the experimental data.
Discussion
An analysis of the experimental data coupled with model predictions provides insight into how mechanical properties change with composition and the forms of interactions that exist between fibrin and collagen in these co-gels. That fibrin is a very compliant biomaterial is well documented [33, 34] , and our results are consistent with these findings that fibrin networks can have extensibilities beyond 200%. The addition of collagen to fibrin led to intermediate mechanical properties (strain at failure, UTS, tangent modulus); nonlinear trends with increasing collagen concentration showed that these properties could not be predicted by the simple rule of mixtures. As the collagen content increased, the macroscopic stiffness of the gel increased at the expense of the extensibility; however, failure was observed at strains well beyond the failure strain of pure collagen, an effect especially pronounced at low collagen concentrations. The lack of an abrupt transition in properties indicates that plastic failure of the stiffer collagen network did not occur in the co-gels. Additional experiments on 41% C co-gels, in which the gels were first prestretched to the failure strain of pure collagen, showed statistically similar failure properties (UTS, strain at failure) to gels that were not prestretched, with a small effect ($15%) on the tangent modulus (data not shown). These results further confirm the absence of plastic failure in the stiffer collagen network. Collectively, these results suggest that the co-gels were not dominated solely by either network, but rather that complex interactions between the networks gave rise to Fig. 6 Model predictions from the parallel and series models compared with experiment (n) across all seven compositions of the co-gels. In the parallel model, the dashed lines represent hypothetical stress-strain regions after the failure strain of pure collagen, above which the collagen network is expected to have catastrophically failed. In all cases, the parallel and series models provide upper and lower bounds to the experimental data. The series model shows better agreement to the experiment at low collagen content (9% C), while the parallel model shows better agreement at high collagen contents (68% C and 83% C). Error bars represent 95% CI; n ! 5 gels for experiments, n ! 6 networks for models.
intermediate properties. Complementary contributions to the overall mechanical behavior by both networks occur in the co-gels: the fibrin network gives extensibility by bearing stretch, while the collagen network provides stiffness by bearing load.
Across all compositions, the collagen-fibrin co-gels exhibited large apparent Poisson's ratios above the incompressibility limit. Since these gels are largely composed of water (>99 vol. %), it is not surprising that significant shrinkage occurs during stretch, where liquid is squeezed out of the gel between the fibrils as they rotate into the direction of stretch [35] . While an increase in the apparent Poisson's ratio with increasing collagen composition is observed, it is unclear whether this effect is due to a decrease in fibril density with increasing collagen content in our co-gels, or fibrin is better able to retain water within its network. Similarly, it is unclear whether the decrease in the transition strain with increasing collagen content is due to rotational hindrances from higher fibril densities, or an inherent nonlinear behavior of the respective networks.
The conventional preparation techniques for SEM used in this study has been shown to introduce artifacts in the microstructure compared with cryo-SEM preparation techniques, such as substantial shrinkage of the sample resulting in smaller fibril diameters and smaller void spaces [36] , and collapse and clumping of fibrils [37] . Nevertheless, our SEM images provide important information on the overall morphology of the co-gels at different concentrations, showing co-existing networks of collagen and fibrin in co-gels, along with changes in the fibrin network architecture at higher collagen concentrations. An average fibril diameter of 100 nm, based on our SEM images, was used as input into our model to relate the RVE to the macroscopic scale in Eq. (5) . While a different fibril diameter would quantitatively change the fitted material parameters A and B for collagen and fibrin, the key qualitative results from these model fits remain unchanged: that collagen is stiffer (larger A value) and exhibits a greater degree of nonlinearity (larger B value) than fibrin. The effect of fibril diameter is fully subsumed in the alteration of A and B parameters; subsequent model predictions using these altered parameters will give the same qualitative and quantitative results as presented in this paper.
The parallel and series models presented here were meant as gross idealizations of interactions and were not intended to describe actual interactions in our co-gels. However, a comparison of our simulations with the experimental data provides some insight. Figure 8 illustrates the differences in fibril stretch and fibril force distributions between the parallel and series models. In the parallel model, both networks experience equal stretches ( Fig. 8(a) ), while the overall load is unevenly distributed between the networks according to their relative properties; hence, in this model, the overall mechanical behavior is largely dominated by the stiffer collagen network (Fig. 8(b) ). This phenomenon is demonstrated by the uncharacteristically high stresses observed when the parallel two-fiber networks are stretched beyond the failure strain of pure collagen at low collagen content (9% C) in the hypothetical region (Figs. 6 and 7(b) ). In the series model, the macroscopic strain is disproportionately distributed among the two fibril populations according to their relative stiffness (Fig. 8(c) ), while the overall load is borne equally by fibrils from both networks (Fig. 8(d) ). While we are unable to observe definitively parallel-like or series-like interactions between collagen and fibrin fibrils from our SEM images, inferences can be made from the comparison of our model predictions with the experimental data. At low collagen content, close agreement between the experimental data and the series model suggests that the sparse collagen fibrils do not form a percolating collagen network, however, are dispersed among a fibrin-dominant network, i.e., "islands" of collagen fibrils are present in a series-like manner with the extensive fibrin matrix. While these sparse collagen structures contribute to the overall gel stiffness, they bear a lower proportion of the strain such that macroscopically, the gel can be strained beyond the failure strain of pure collagen; the Fig. 7 Material properties of co-gels from the experiment (n, solid lines) compared with model predictions from the parallel (~, dashed lines) and series (, dotted lines) models. Parallel models reflect properties in the hypothetical region (defined in Fig. 6 ) beyond the failure strain of collagen. In general, both models are able to predict trends in the strain energy density, tangent modulus, and transition strain. The experimental data is bracketed by the parallel and series models in the UTS, strain energy density, and tangent modulus. Models predict the apparent Poisson's ratio on the same order of magnitude as the experiment. Error bars represent 95% CI; n ! 5 gels for experiments, n ! 6 networks for models. macroscopic strain of the gel is dominated by the fibrin network. At a high collagen content (68% C and 84% C), the parallel model provides a good fit to the experimental data, suggesting a collagen-dominated network. In these cases, where the gel is largely composed of the stiffer collagen network, the strain is dictated by this stiffer matrix. The overall mechanical behavior appears additive in a parallel-like fashion, where the smaller contribution to load-bearing by fibrin adds to that of the stiffer collagen network. In addition, the failure strain is largely dictated by the extensive collagen network, while the slight increase in the experimental failure strain may be attributed to sparsely distributed fibrin fibrils associated with the collagen network. At intermediate compositions, the parallel and series models provide bounds for the experimental data, which suggest a mixture of such interactions. Conceivably, both collagen and fibrin form respective independent interconnected networks in a parallel fashion, however, individual fibrils from each network can be associated with each other across the networks, forming series connections. In addition, more inter-fibril mechanical connections may be formed as the gel is stretched and as fibrils from each network rotate and reorganize with each other. While our results strongly indicate interactions between collagen and fibrin, it remains unclear whether these interactions are chemical (i.e., chemical bonds between fibrils) or mechanical (physically entangled fibrils) in nature. Work is in progress to understand the nature of these interactions by the digestion of either network in the co-gels.
Previous studies on collagen-fibrin co-gels have focused on cellular responses (gel compaction and cell proliferation) on collagen-fibrin scaffolds of different compositions and concentrations for applications in cardiovascular tissue engineering [18, 19] . Our work expands on these studies by exploring the fundamental structure-function-composition relationships in these collagenfibrin composite networks, allowing for a better understanding of the mechanical environments that cells experience in such tissueengineered constructs. In addition, a progression in composition occurs in our tissue-engineered media equivalents (MEs): with cells initially seeded in a fibrin gel, the MEs undergo compositional changes during the growth and remodeling process, transitioning from a pure fibrin-based construct at casting to a largely collagen-based construct after weeks of culture [38] . That the cells in our MEs experience changes in the mechanical environment throughout the remodeling process may have implications on the cellular responses elicited at different stages of growth and remodeling.
One of the key goals in tissue engineering is to design tissue equivalents with mechanical properties comparable to the native tissues. Efforts towards this goal have included modifying or manipulating the ECM content, such as stimulating the production of collagen to improve tissue strength and stiffness [5] , or directly incorporating elastin to confer tissue compliance [2] . While tissue engineers understand the importance of different ECM components towards the overall mechanical behavior and function, Fig. 8 Fibril stretch and fibril force distributions in the parallel and series models after the macroscopic stretch. In the parallel model, the collagen and fibrin networks exhibit similar fibril stretch distributions, however, forces in the collagen fibrils are much larger than those in the fibrin fibrils. In the series model, a much smaller difference between the collagen and fibrin fibril force distributions is observed, however, fibrin fibrils bear a larger proportion of macroscopic stretch. Distributions are of 54% C networks, taken from an RVE at a Gauss point after the final stretch step. The n in the box plots represent the distribution mean and whiskers represent outliers within the interquartile range.
our work emphasizes the complexity of interactions between multiple ECM components in conferring mechanical properties. This work is a step forward towards better understanding the complexities of how tissues behave mechanically, due to the presence of various components within the tissue, allowing for more rational designs for bioengineered tissues. In addition, a vast majority of multicomponent models of native tissue mechanics (e.g., Refs. [39, 40] ) rely on parallel-type interactions, adding up contributions from the different components. Our results for the collagen-fibrin model system strongly suggest that alternative approaches may be needed for some tissues.
Conclusions
This current work offers new insights into how collagen and fibrin fibril networks interact with each other, and furthers the understanding of fundamental structure-composition-function relationships in collagen-fibrin co-gels. A comparison of the model results with the experiments suggests complex interactions between collagen and fibrin networks that vary with composition, with a series model being better for collagen-poor gels and a parallel model being better for collagen-rich gels. This study demonstrates that purely parallel (i.e., additive) models may not be adequate to describe tissue mechanics.
